Purpose: Tongue activity, involving stereognosis of denture position, food bolus distribution, and direct denture pressing, can affect the stability of removable mandibular dentures. Knowledge of details of tongue activity in patients with removable dentures could contribute to the development of training methods to improve bilateral mastication. The hypothesis of this study was that tongue force improves mandibular complete denture stabilization on the atrophied foundation during mastication load transfer with a typical balanced occlusion. Materials and Methods: Finite element analysis was used to assess the effect of tongue activity on denture stability, which was evaluated with objective biomechanical criteria. Denture movement (displacement), sliding distance on the mucosal surface, and pressure on the foundation during occlusal load transfer were considered with and without additional tongue forces.
Progress in dentistry has not translated into a reduction in the demand for complete dentures, even in societies wealthy enough for the population to care for their natural dentition. 1, 2 The use of removable dentures that can be supported on the soft foundation of the mucous membrane is the primary mode of rehabilitation for edentulous patients, because many cannot afford the additional costs of implant treatment. [1] [2] [3] However, removable dentures slide and detach from this foundation. Stabilization of the mandibular denture during mastication is achieved through occlusal contact with the opposing denture at the balancing flange (so-called balancing contact) before biting on the working side. 4, 5 Mastication efficiency is impaired by instability of the mandibular denture, 6 particularly in the case of an unfavorable atrophic foundation. When the denture is properly made, correctly occluded, and sitting on the foundation, the clinician can advise the patient on the choice denture adhesive 7, 8 and on techniques to enhance tongue control. [8] [9] [10] Prosthodontics cannot aid patients in learning to masticate bilaterally or to use the tongue in food bolus distribution or direct denture pressing, which appear to be important, whereas the occlusal scheme is not imperative. [11] [12] [13] [14] Development in this area seems to be limited to the static concepts of denture stability and bilateral balanced occlusion (BBO). Stability, defined in prosthodontics as resistance to movement on the foundation, including tilting and rotating movements, is weakly correlated with chewing efficiency. 15 BBO can be achieved not only with bilateral pressing at the denture flanges, but also in a more dynamic manner 16 than has been assumed on the basis of clinical investigations. 17 There is no clinically available intraoral method of determining objective biomechanical criteria concerning denture balance during mastication. [18] [19] [20] Computer simulation based on finite element analysis (FEA) is a useful method of assessing momentary change in denture position, sliding distance on the mucosal surface, 18 and pressure on the foundation. 18, [21] [22] [23] [24] In FEA, bodies (volumetric parts designed with computer-aided design [CAD] software) are divided into small finite elements (tetrahedrons or/and hexahedrons). Finite elements involve nodes in which the displacements, strains, and stresses can be determined with reasonable approximation. To evaluate these parameters the stiffness of the system assembled from elements and also the conditions of contact among the bodies must be replicated. The response of the whole system to loads is nonlinear if the contact allows detachment, slide, or change of contact surface between bodies.
Simulation of detachment and sliding of the denture under near-real conditions 18 shows that balanced occlusion can be achieved under unilateral mastication force, which leads to balancing contact through denture inclination. The denture assumes an inclined position when the working flange is pressed to the foundation and the balancing flange is lifted from the foundation towards the maxillary teeth (balancing contact). 18 BBO in the inclined position allows investigation of the mechanism of pain creation beneath removable dentures and the mechanism of stability improvement with implants. 17, 18, 25 The role of the tongue in complete mandibular denture stability and in the improvement of masticatory performance remains unclear. The tongue can actively counteract denture dislodgment when acting with lifting forces; 26 however, its role in denture stabilization during mastication may involve tactile sensation of the denture position, food distribution, or direct denture pressing. The tongue distributes foods between the teeth 20, 27, 28 and plays a crucial role in the ability to locate the denture by means of tactile sensation. 8, 29, 30 A tongue force of 20 N is about 10% to 30% of the mastication load associated with comminution of most foods. 29 Thus, whether the tongue is used to improve denture stabilization by means of stereognosis of the denture position or by direct compression on the denture is unknown. Knowledge of this matter contributes to the development of training methods to improve masticatory performance.
In summary, the recent development of FEA methodology has created new opportunities for evaluating the biomechanics of removable dentures. Currently, it is possible to not only simulate mastication efficiency to investigate pain associated with pressure and/or frictional sores beneath dentures, but also to consider the stability of the denture as indicated by momentary sliding distance on the mucosal surface, which is influenced by more than occlusal forces, including the force of the tongue. An objective biomechanical evaluation may clarify whether direct tongue forces can support denture stability, especially in patients with an unfavorable foundation.
In this study simulational investigations to determine the impact of tongue force on contact conditions beneath the removable denture while bearing mastication loads were performed. The hypothesis was that the tongue force increases denture stabilization on the atrophied foundation during mastication with a balanced occlusion.
Materials and methods
The finite element model was prepared based on average dimensions of an edentulous mandibular arch and alveolar process with an unfavorable knife-edge shape. Typical engineering CAD software was used to create the surfaces (Autodesk Inventor; Autodesk, San Rafael, CA). Irregular tooth shapes were excluded because evaluation of local stress on the denture was not the aim of the analysis. We simulated loads on the denture with arbitrarily directed tongue and occlusion forces and not with pressure, allowing simplification of flange shape design and the use of a single model to investigate tongue effects. Simulation of loads with pressures complicates the analysis because the shape of denture flanges must be redesigned into several models specific for each investigated load direction (because the load depends on shape). It is important to remember that in practice a realistic flange shape is critical for denture stability because pressures are exerted during function (as well as during speech and swallowing), and the direction of the resultant load is perpendicular to the pressing surface. The occlusal surface was extended in the anterior region for future analysis of occlusal loads on incisors.
The shape of the foundation was simplified to avoid the effect of local irregularities, which are patient specific and concentrate stresses independently of the investigated general load transfer. The shape of the denture together with the foundation and border of the supporting zone is shown in Figure 1 .
The bone was assumed to be a rigid body 31 with regard to incomparable lower stiffness of the mucous membrane, and the model was fixed at the bone/soft tissue interface. Linear isotropic elastic material models were assumed for the denture and mucous membrane, thus enhancing convergence of the Newton-Raphson method in a large displacement range. The unfavorably "hard" 0.5-mm-thick soft tissue was described by a Young's modulus of E = 5 MPa 32 and high Poisson ratio ν = 0.49. The denture material was characterized by E = 2000 MPa and ν = 0.30.
The most important parameter was nonlinear simulation of denture movement associated with sliding on and detaching from the mucous interface. The augmented multiplier Lagrangian method (Ansys APDL) was used in contact calculations with an implemented linear friction model. 17, 25 The data regarding lubrication and sliding on a mucous surface covered by saliva are highly variable. 17 Resistance to motion was characterized by an average friction coefficient of 0.16. The adherence forces in the model were neglected because of incomparably lower values than mastication loads. On the left side, at a distance of 1.1 mm, we assumed the possibility of contact with the maxillary denture (volume with flat plane) with a friction coefficient of 0.16. In realistic conditions the mandibular denture must be stabilized with balancing contacts. [6] [7] [8] Nonunique representation of normal between the contact surfaces produces poor quality stress because the normals are not continuous between the elements. 25 The surfaces were built to allow use of a coherent mesh in the contact zone, thus providing alignment of normals of contacting elements. Another FEA key feature related to contact adjustments is used in finite element software and is described elsewhere. 18, 25 Figures 1 and 2 show the locations, directions, and values of the forces with which the denture was loaded. The relationship between the loading point and the underlying ridge was designed to maximize denture stability. The occlusal force acted at the most lingual edge, and the balancing contact force acted at the most buccal edge.
The reference point for evaluation of tongue action was the equilibrium state of the denture under a load at the premolar tooth, oblique to the buccal side (variant of the maximum occlusal load, B100N: −100 N vertically, −100 N horizontally). 17, 18, 33 The right side was chosen as the working side. The vertical or horizontal component of the force was implemented separately in each step. The tongue force during mastication is unknown. Thus, a value of 15 N, which is known to be induced during mandibular denture dislodgment, 34 was assumed in this study. The possibility of denture stabilization by tongue force was considered in the canine zone on the balancing side or working side (TʺBʺ in load step 4 [LS4] to LS15 or TʺWʺ in LS17 to LS18). We also considered the less physiological tongue arrangement in which compression was allowed in the posterior molar zones (TʺBMʺ), counter-lifting the balancing side (LS19). In clinical practice, the flange must be specially shaped to achieve the investigated force inclination. In this study, meaningful angulation to the horizontal plane (45°) was assumed to achieve favorable conditions for the tongue, causing pressing of the denture flange to the foundation.
Results
Denture displacement in the following LSs are summarized in Figure 2 for the three control points on the occlusal surface: the balancing side (B), central region at the incisors (C), and working side (W). Some of the LSs are omitted in the graphical presentation, leaving for clarity only the results relevant for the assessment of denture stabilization. The values of pressure Figure 2 Course of forces acting on the denture in the following load steps (LSs): mastication loads destabilizing denture (ML) and activity of the tongue on the balancing side in the canine region (TʺBʺ) or molar region (TʺBMʺ) or on the working side in the canine region (TʺWʺ). Points B, C, and W are displacement checkpoints. and slide beneath the denture for the characteristic LSs are summarized in the form of a bar graph in Figure 3 .
Mastication load directed in the lingual direction (LS1-LS5)
An increase in lateral displacement of the denture (positive Uy) was associated with an increase in the horizontal component of the occlusal forces as well as an increase in the displacement of the balancing side toward the rear direction (negative Ux) and working side forward (positive Ux). Tongue force at LS4 to LS5 (TʺBʺ Fz TʺBʺ Fy) affected the contact conditions beneath the denture. At LS4, we noted a slight tendency for reduced sliding on the mucosal surface. Under clinical conditions, however, it is not possible to obtain only the vertical tongue force (as in LS4) because of the sloping denture shapes. At LS5, after introducing the horizontal component of tongue force, the sliding beneath the denture increased, but the adherence (stick) zones remained due to the increase in pressure (comparison of LS3 and LS5 in Fig 3) . Therefore, when the occlusion force was obliquely directed toward the tongue, the tongue force on the balancing side favored stabilization of the denture to some extent. Simultaneous mandibular denture stabilization by balancing contact with the maxillary denture was not necessary.
Lateral mastication load
LS6 was highlighted by the decisive influence of the direction of the lateral mastication load on denture stability, which was gained through balancing contact with the maxillary denture after lifting the balancing side. Assessment of the effects of tongue activity requires reference to the results from LS6 to the load condition without tongue action ("B100N" -last step on the graph). Tongue force contributed to a slight reduction in horizontal movement of the denture and sliding distance on the mucosal surface, indicating a tendency for a slight decrease in friction work. These effects do not allow for recognition of a meaningful stabilizing effect of tongue activity during crushing food with typically balanced dentures.
Next, the mastication loads were reduced to investigate the tongue force when balancing contact was not active. Settlement of the balancing side on the foundation occurred under a mastication load of less than half than initially applied (mastication load Fz = −50 N, mastication load Fy = −30 N).
At LS14, the tongue force at mastication load Fz = −5 N vertically and mastication load Fy = 5 N horizontally was too small to affect the balancing side movement, which it again lifted up to balancing contact. Comparison of the denture stability between LS10 and LS16 (while the tongue was not active) showed the disadvantage of the tongue force. Figure 5 shows that a larger area of adherence of the denture to the foundation occurred when the tongue had not been active (LS16). This was because the tongue force was counteracting the compression beneath the working flange, as evidenced by the displacements in Figure 3 . After switching off the tongue activity, the denture moved slightly forward and downward (increase in Ux, decrease in Uz on the working side) and markedly moved in the direction of the working side (decrease in Uy) with activation of balancing contact (increase in Uz on the balancing side), which resulted in increased compression on the lingual slope.
Tongue activity on the working side in the canine zone at LS17 and LS18 caused greater displacement in the forward and toward the rear direction (Fig 3; increase in Ux on the balancing side and decrease in Ux on the working side) and slide than at LS16 (Figs 4 and 5) . At the last step (LS19), adverse effects of tongue activity in the posterior zone of the balancing side occurred because of greater displacement in the forward direction and slide beneath the denture than at step B100N.
Discussion
The force of the tongue muscles decreases with age, but older people still exhibit an appreciable value toward the palatal area (average of >20 N). 20, 32 Tongue activity directed toward the lower areas of the mandibular arch causes the tongue to straighten, and a smaller force is noted on average. 34 The tongue may be used to exert controlled directional forces on the denture, 20, 35, 36 and denture retention increases with tongue support by an average of 5.2 to 10.6 N. 28, 34 Notably, however, previous studies have focused on retention. During crushing food, stability is more important than retention. According to the only study that attempted to model the effects of tongue force during mastication, 37 directional lateral tongue force may contribute to better denture stability; however, the results of that study can be applied only to patients with very strong denture adhesives because of the model's simplification of the contact condition beneath the denture to perfect adherence. Tongue activity under such stable "adhesive" conditions is beneficial due to the lack of a detrimental effect of tangential forces on the mucous membrane surface.
The effect of contact conditions on the mucosal surface is crucial in simulation of denture movement. Large displacements were recorded during real mastication despite wellworking, balanced occlusion and fitting of the dentures to their foundations. 17 The displacements were significantly higher than allowable tissue deformation; therefore, they are a result of denture movement. 17 Nonlinear material characteristics of soft tissue may influence the displacement by up to 20%. 34, 38 For this reason, the linear elastic model provides a good approximation of realistic denture behavior. In simulation studies, the occlusal forces were assumed to be sufficient to crush most foods. 39 The presence of the loads on balancing contacts causes a shift in the resultant force toward the balancing contact; i.e., it localizes between the first molar and the center of the dental arch. 18, 40 Functioning of balancing contacts and forces is assumed to be a necessary condition for achieving clinical stabilization of dentures and masticatory performance. Balancing contact precedes an occlusal load on the working side. 41 Such loads cause denture dislodgement when balancing contacts are inadequate. 17 Although good approximation of realistic denture behavior was achieved, the results of simulation are limited to the analyzed occlusal loads and the foundation shape. Study of multiple mastication loads would be extensive; hence a load favorable for stability was chosen, which favored the assumed most lingually located load. Limitations resulting from foundation shape are discussed further.
Denture stability was assessed with several objective criteria: denture movement (displacement) in relation to the foundation, sliding distance on the mucosal surface, and normal contact stresses beneath the denture (pressure) on the foundation. The novel finding in this study was the lack of substantial direct support of the tongue force in improving denture stability under lateral mastication loads despite tongue force angulation favorable for stabilization. Tongue action on the balancing flange slightly decreased slide as well as anterior and lateral displacement at the working flange (absolute value) in comparison with load transfer without tongue action. The slight reduction in slide helps reduce common frictional trauma 40, 42 resulting from repeated denture movement during chewing. Hence, the simulation results show that in the case of impaired mastication, despite a lack of substantial improvement in stability, tongue action on the balancing side reduced friction on the soft-tissue interface. Simulation results also show that tongue action on the working flange worsened denture balance on the analyzed atrophied foundation.
Atrophy of the foundation was investigated because it is among the most common problems associated with mastication. The possible effects of tongue force on denture stabilization with convex alveolar processes were not studied, but they cannot be neglected. Tongue force acts more perpendicularly to the steeper slope of a convex alveolar process, which favors pressure and sticking more than sliding. The tongue force may correlate with maximal bite force, being a function of a muscular forces. 20 The maximum occlusal force is measured under stable conditions. Chewing efficiency is only weakly correlated with maximum occlusal force in the so-called best biting position. 17, 43, 44 In addition, direct support by the tongue force might ensure denture stability in the opening phase by counteracting the lifting of the mandibular denture due to its being glued to the maxillary denture by food as well as by efficient bilateral food distribution on the occlusal surfaces of the teeth, as also in terms of support during bilateral biting of food. Additionally, brain activity is associated with tongue movements 45, 46 and enhanced by the functional improvement in complete dentures. 47, 48 Hence, the tongue force may correlate with mastication efficiency, because of its activities outside the stage of mastication.
Cheek and lip forces can aid chewing efficiency in a manner similar to tongue forces. These forces (2.6-10.2 N for cheeks 49 and 8.98-14.13 N for lips 50 ) are lower than tongue forces and are too small to support denture balance on the foundation during transfer of mastication loads; however, these forces, together with those of the tongue, are sufficient to keep the denture on the foundation and prevent food from sticking to the maxillary denture. This research model methodology can be used in future studies to assess the impact of the shape of denture flanges or occlusal schemes on denture balance in the so-called neutral zone.
Conclusions
Under model conditions that allowed detachment and sliding of a denture on its foundation, the tongue force did not significantly support stabilization of the denture while bearing mastication loads in cases of atrophied alveolar processes with a knife-edge shape. The beneficial impact of tongue activity shown in earlier work under conditions of complete adherence of the denture to the foundation was not confirmed under our more realistic model conditions. This indicates a benefit from the use of adhesives, especially when first wearing and learning to masticate with dentures. The most important factor during training is not development of tongue force, but skill in its use during bilateral biting with balancing contacts.
